Abstract: Neurodegenerative diseases represent one of the health care community's truly unmet medical needs. They can be loosely classified into two categories, acute and chronic. One of the best known chronic neurodegenerative diseases, Alzheimer's disease, represents a serious health care problem that may well exceed the limits of current fiscal and care giver resources. No disease-modifying therapeutic agents have been identified, and the few available symptomatic treatments possess limitations in their duration of action and side effects. Despite decades of drug discovery research and numerous clinical trials, no truly effective treatment for stroke, the most prevalent acute neurodegenerative disease, has been identified. This article summarizes two recent drug discovery projects, one targeting Alzheimer's disease and the other targeting ischemic stroke. Both projects involved design, synthesis, and biological evaluation of a novel series of heterocyclic derivatives.
A discussion of the plethora of past and present drug discovery strategies for the various chronic and acute neurodegenerative diseases is beyond the scope of this manuscript [2] . In the following pages, I will focus on two recent neurodegenerative drug discovery projects that were undertaken by scientists from Wyeth Research, Inc. during the time that I headed the Chemical and Screening Sciences Division of that company. The discussion will highlight our work in two neurodegenerative disease areas: Identification of the BACE1 inhibitor WAY-258131 as disease-modifying drugs for Alzheimer's disease, a chronic disorder, and the discovery of novel immunophilin ligand ILS-920 for the treatment of stroke, an acute neurodegenerative disease.
BACE1 INHIBITORS FOR ALZHEIMER'S DISEASE -WAY-258131
Alzheimer's disease is a chronic neurodegenerative disorder characterized by neuronal and synaptic loss, brain atrophy and slow, progressive dementia [3] . Figures from the 2010 World Alzheimer Report suggest that nearly 35 million patients suffer from Alzheimer's disease worldwide [4] . However, that number could grow significantly by the year 2050 and could exceed our ability to properly care for the victims. Currently available treatments ( Fig. 1 ) target only the cognitive symptoms of Alzheimer's disease. These drugs do little to halt the progressive neurodegeneration. In addition, the neurotransmitter systems that these drugs target (acetylcholine and glutamate) are located on neurons in brain regions that are among the first to decline. This unfortunate situation results in a limited time in the disease progression during which the drugs are effective. Drug discovery efforts over the past 10 years have increasingly become focused on identifying what is considered to be the "golden fleece" of Alzheimer's research, a "disease-modifying" drug that will halt or reverse the progression of the disease.
The pathological hallmarks of Alzheimer's disease, and the means by which definitive diagnosis of the disease is still made, are extracellular plaques and intracellular neurofibrillary tangles. Plaques are composed of β-amyloid peptides, which are formed from the misprocessing of amyloid precursor protein (APP) [5] . Neurofibrillary tangles are derived from over-phosphorylated tau proteins. Themuch debate over whether the plaques are beneficial or detrimental, but it is widely accepted that the β-amyloid peptides as well as the soluble oligomers of these peptides are themselves neurotoxic and can induce many of the neurodegenerative and cognitive symptoms of the disease in animal models long before actual plaque density increases [5] .
The transmembrane protein APP is processed by a series of proteases (Fig. 2) . In non-Alzheimer's individuals, the major pathway involves cleavage of APP by α-secretase to give soluble α-APPs and a smaller transmembrane product, which is further processed by γ-secretase (Fig. 2A) . In Alzheimer's disease, the APP is processed at a different cleavage site by β-secretase converting enzyme-1 (BACE1) and the remaining transmembrane product is subsequently cleaved by γ-secretase to give a series of 39-43 amino acid-containing β-amyloid peptides (Fig. 2B) . These β-amyloid peptides (Aβs), and in particular the 42 amino acid peptide Aβ , form oligomers that ultimately deposit as amyloid plaques. A significant amount of drug discovery effort has been applied over the past decade to inhibiting the formation of Aβs and their resulting plaques as a means of halting the progression of the disease process.
Inhibition or allosteric modulation of the two enzymes responsible for formation of Aβ peptides (γ-secretase and BACE1) have been pursued as drug targets for several years [8] [9] [10] . Efforts targeting γ-secretase ultimately led to the first competitive inhibitor to enter clinical trials, Eli Lilly's semagacestat [11] . However, development of semagacestat was recently discontinued following discouraging results from two Phase III IDENTITY clinical trials, where the compound failed to halt disease progression and, in fact, worsened cognition and the ability to perform activities of daily living [12] . The exact reasons for semagacestat's failure are not known, but the compound suffers from poor selectivity against Notch-1 processing, an off-target activity associated with many competitive γ-secretase inhibitors [13, 14] . Clinical trials are currently under way on more selective γ-secretase inhibitors, but semagacestat's disappointing results have led many to question γ-secretase as a viable Alzheimer's drug discovery target.
An alternative target for reducing APP misprocessing, and the subject of this manuscript, is inhibition of the other catabolic enzyme BACE1. Unlike γ-secretase, which is a complex composed of four subunits, BACE1 is a single protein that readily undergoes crystallization and X-ray crystallographic analysis, as do co-crystals with inhibitors. Structural information shows that the active site contains two aspartate residues that can be exploited for drug design (Fig. 3) . There is also a FLAP region that offers the potential for additional binding interactions. These structural features, coupled with the ability to use rational design techniques, make BACE1 an attractive drug discovery target.
Most non-peptidic BACE1 inhibitors (Fig. 4) fall into two general classes [15] . The first class is the transition-state inhibitors, which often contain a hydroxyethylamine group that mimics the transition state of the cleavage site on APP. Many of these compounds also contain sulfonamide or sulfonyl groups that interact with the FLAP region and enhance potency. A second class of compounds is the guanidines. One of the first examples of this class (compound 9) came out of Wyeth [16] , and a number of other groups have since disclosed guanidine-based BACE1 inhibitors. In fact, one such compound, LY-2811376 (11), advanced to clinical trials where it established proof of concept in humans by lowering β-amyloid levels in cerebral spinal fluid, although it was ultimately dropped from development over toxicology concerns.
Imidazopyrimidine 12 (Fig. 5 ) was identified through a high-throughput screen of Wyeth's internal compound library using a FRET-based assay (fluorescence resonance energy transfer) [16, 17] . The molecule showed relatively weak potency for the BACE family in both biochemical FRET and cellular ELISA (enzyme-linked immunosorbant assay) assays but was reasonably selective for BACE over cathepsin-D, an aspartyl protease that shares similar structural requirements with BACE1 for ligands [18] . The compound displayed relatively low bioavailability and brain partitioning following a 3 mg/kg oral dose. X-ray crystallographic analysis of the compound in complex with BACE1 revealed a number of structural aspects of the compound's binding mode. The guanidinyl moiety formed hydrogen bonds with both active site aspartates. No interactions with the FLAP region of BACE1 were evident, and the 6-membered ring of the imidazopyrimidine did not appear to make any relevant interactions with the binding pocket. It appeared that additional interactions with the S2' and S3 regions of BACE1 might be established through substitution on the two phenyl rings.
One of the primary goals of the project was to enhance potency for BACE1 and selectivity for BACE1 over BACE2 (Fig. 6 ). Our strategy was to synthesize and test racemates of target compounds and then resolve any promising racemic mixtures into enantiomers. The structure-activity relationship (SAR) of the two phenyl rings initially led to a 10-fold improvement in BACE inhibitory potency by installing the 4-trifluoromethoxy group on the phenyl ring adjacent to the S2' pocket to give compound 13 [16] . Analysis of the X-ray co-crystal structure suggested that placing an aryl group possessing hydrogen bond acceptors in the meta position of the other phenyl ring might establish significant interactions within the S3 pocket. SAR along these lines led to the identification of compound 14, which was 100-fold more potent than the parent molecule at inhibiting BACE1 and now demonstrated over 30-fold selectivity for BACE1 over BACE2. An X-ray co-crystal structure revealed that the original rational design hypotheses had been correct, with the 4-trifluoromethoxy group on the one phenyl ring interacting with residues in the S2' pocket of BACE1 and the nitrogen atoms of the pyrimidinyl group on the other phenyl ring forming hydrogen bonds with residues in S3. Neurodegenerative disease drug discovery 1547 Other weaknesses of the initial hit 12 that required improvement included poor aqueous solubility and a less than optimal pharmacokinetic profile, especially brain penetration. We felt that both of these parameters could be improved by eliminating the lipophilic 6-membered ring of the imidazopyrimidine, which did not contribute significantly to BACE1 binding in the first place. Truncation of 12 gave aminohydantoin analog 15 (Fig. 7) , which was 10-fold more potent at inhibiting BACE1 than the parent imidazopyrimidine and retained good selectivity for BACE1 over cathepsin-D [19] . This initial analog was somewhat more selective for BACE2, but previous SAR studies on the imidazopyrimidine homologs suggested that this undesirable selectivity issue might be improved through further structural elaboration. Gratifyingly, aminohydantoin 15 demonstrated better bioavailability and brain penetration than the imidazopyrimidine 12 as well as a 2-fold improvement in aqueous solubility.
Efforts within the aminohydantoin series [19] were then focused on the phenyl rings (Fig. 8) . SAR of the phenyl proximal to the S2' pocket identified the 3-methyl-4-methoxy substitution pattern as optimal (compound 16). The 3,4-disubstitution pattern did not increase BACE1 potency relative to substitution in the 4-position only, but did improve BACE1/BACE2 selectivity slightly. Similar to the imidazo pyrimidine scaffold, a nitrogen-containing heteroaryl ring in the 3-position of the other phenyl ring (proximal to the S3 pocket) provided the most potent compounds such as compound 17 (Fig. 8 although some activity for cathepsin-D was now seen (IC 50~ 2-25 μM). An X-ray co-crystal structure of 17 revealed the expected hydrogen bonding interactions between the 4-methoxy group and the S2' pocket as well as some additional lipophilic interactions with the 3-methyl moiety. Surprisingly, it showed that the binding interactions in the S3 pocket for compound 17 were different from that seen Neurodegenerative disease drug discovery 1549 with compound 14, with the pyridine forming an interaction with Ser 229 through a bridging water molecule (Fig. 9) . The potency and selectivity of compound 17 were acceptable for advancement to in vivo studies, but the compound suffered from poor metabolic stability. Introduction of fluorine atoms in the orthopositions of the phenyl and pyridine rings (compound 18, Fig. 10 ) did not significantly affect BACE1 potency, but did enhance BACE1/BACE2 selectivity and, more importantly, improved metabolic stability and selectivity for cathepsin-D. The promising data obtained with racemic compound 18 encouraged us to examine the effect of chirality. As expected, the (S)-enantiomer of 18, which was expected to place the two phenyl rings in the appropriate confirmation relative to their respective binding pockets on BACE1, was shown to be significantly more potent than the (R)-enantiomer and was the most potent BACE1 inhibitor of the series (Fig. 10) . It possessed adequate selectivity for BACE1 vs. BACE2 (81-fold) and cathepsin-D (82-fold). Compound (S)-18 (WAY-258131) was chosen for assessment in vivo.
The synthesis of (S)-18 is shown in Fig. 11 [16] . The in vivo effects of 18 on amyloid processing were assessed in transgenic Tg2576 mice (Fig. 12) [20] . The Tg2576 mouse expresses APP that contains the human Swedish mutation. The result is that these animals display an amyloidotic phenotype that is similar to that seen in Alzheimer's patients, including increased production of the neurotoxic Aβ and Aβ els of β-amyloid peptides by 30-50 %. Changes in brain levels of β-amyloid peptides were variable at the 10 mg/kg dose. However, the 30 mg/kg dose significantly lowered brain levels of both Aβ and Aβ 1-42 by 15-25 % at both 7 and 14 days. Plaque load in the cortex and hippocampus was reduced by approximately 30 % (data not shown). Additionally, acute administration of WAY-258131 (10-100 mg/kg po) dose-dependently reversed the deficits in contextual memory seen in Tg2576 mice [21] in a contextual fear-conditioning paradigm (data not shown).
IMMUNOPHILINS FOR STROKE -ILS-920
Recent figures suggest that nearly 5.7 million victims world-wide die from stroke or stroke-related conditions annually [22] . Despite these unfortunate figures, many stroke victims survive the acute event only to suffer long-term disabilities. The only registered treatment for stroke is the anti-thrombotic agent human recombinant tissue plasminogen activator. However, the mechanism of action and short window during which it can be administered following a stroke and risks associated with that agent have limited its use [23, 24] . The progress in understanding the processes that occur after a stroke has been impressive. Unfortunately, almost no effective drug candidates have been identified in the wake of that understanding. Over 1000 drug candidates, mostly neuroprotective agents, have failed in clinical trials [25] . This disappointing record has led many researchers in the field to question the viability of neuroprotection as a therapeutic target for treating stroke and to explore the possibilities of neuroregeneration, stimulating the establishment of new neuronal connections in place of the ones lost to the stroke. But can neuroregeneration be stimulated in adult human brains? This question has been explored and debated in the literature for several years [26] [27] [28] . Neurogenesis and migration is a routine event in rodents. Caches of neuronal progenitor cells exist in the subgranular zone of the dentate gyrus and in the zones surrounding the ventricles. These progenitors migrate along the rostral migratory stream to the olfactory bulb, where they become incorporated and mature into functional neurons. These progenitor cells have also been shown to migrate to the infarct area in animal stroke models, where they play a role in re-establishing neuronal connections within the lesion. Furthermore, several pharmacological agents have demonstrated an ability to stimulate neuroregenerative activity in animal models of stroke [29] . However, human brains are not rodent brains. Neuronal progenitors are limited to the lateral ventricles, and neurogenesis is more tightly controlled in humans than it is in rodents. Strong evidence for human neuroregeneration is lacking, although at least one clinical study suggests that it may occur following stroke [28] .
The story of ILS-920 (24) begins with rapamycin (21) (Fig. 13) , an immunophilin discovered in soil samples from Easter Island [30] . Rapamycin exerts its immunosuppressant effects by forming a tertiary complex with FK-506 binding protein 12 (FKBP12) and mammalian target of rapamycin (mTOR) Neurodegenerative disease drug discovery 1551 [31]. mTOR is a kinase that regulates a number of cellular processes involved with cell growth and survival, protein synthesis, and transcription. mTOR forms at least two complexes (mTORC1 and mTORC2), which have different functions [32, 33] . X-ray crystallographic analysis has revealed which portion of rapamycin binds to FKBP12 and which region interacts with mTOR ( Fig. 13 ) [34] . At the time the project began, it was known that certain macrocyclic immunophilins like FK-506, meridamycin, and normeridamycin displayed neuroprotective activity in animal models of stroke [35, 36] . More interestingly, the compounds stimulated neuronal outgrowth in culture. The mechanism by which these activities occurred was not known. Wyeth was in the process of exploring the therapeutic potential of rapamycin and related imminophilins by analoging the scaffold. Some changes to the rapamycin scaffold were not tolerated. Modification to the C-42 hydroxyl group (Fig. 13) produced compounds (including the anticancer drug Torisel ® ) that enhanced neurofilament expression and stimulated neuronal outgrowth in culture [37] . However, these derivatives were still immunosuppressive, an unacceptable off-target effect for a stroke drug. A breakthrough came when it was discovered that the poly-ene portion of rapamycin (part of the region thought to interact with mTOR) would react with dienophiles to give Diels-Alder adducts.
Since the exact mechanism by which these new compounds acted was not known at the time, in vitro functional assays were used as the primary screens. One of the first lead molecules to be examined was WAY-124,466 (22) [38] . This compound promoted cortical neuronal survival in culture [39] with moderate potency and was known to be devoid of in vitro immunosuppressive activity at concentrations up to 3 μM [40] . However, the physical and PK properties of WAY-124,466 were not optimal. A breakthrough was realized when the Diels-Alder adducts of rapamycin with nitrosobenzenes were prepared ( Table 1) . Treatment of rapamycin with nitrosobenzene provided WYE-592 (23), which was roughly twice as potent at promoting neuronal survival as rapamycin [38] but showed some immunosuppressive activity in vitro [41] . Substitution on the dienophile-derived phenyl ring did not significantly improve neuroprotective activity, with the exception of the 2,6-dichloro substitution pattern (25) , which increased neuroprotective potency by 15-fold.
It was later determined that the immunosuppressive activity seen with 23 was the result of the compound partially (3-5 %) undergoing a retro-Diels-Alder reaction to give rapamycin. This retro reaction could be eliminated by reducing the double bond in the oxazenene ring. Interestingly, when the reduction was performed on analogs substituted in the 2-and 6-position of the phenyl ring, the resulting oxazenanes were significantly less potent in the neuronal survival assay (compound 26). However, when the unsubstituted WAY-592 (23) was hydrogenated, the resulting oxazenane (24) was more potent than the parent molecule or rapamycin at promoting neuronal survival in vitro. The compound also promoted neurite outgrowth in cultured rat cortical neurons (EC 50 = 0.54 μM) and showed no immunosuppressive activity at concentrations up to 10 μM. Compound 24 (ILS-920) and was selected for in vivo assessment.
The synthesis of 24 is straightforward and has been presented elsewhere [38, 42] . Treatment of 21 with nitrosobenzene in acetone for 24 h followed by catalytic hydrogenation over palladium on carbon afforded 24 in 26 % overall yield.
ILS-920 was examined for its neuroprotective effects in a transient middle cerebral artery occlusion model. When administered as an intravenous bolus starting 4 h post-occlusion, 24 significantly reduced infarct volume by 23-24 % (Fig. 14A) [43] . By contrast, rapamycin was reported to be devoid of efficacy in a similar model [44] . 24 also promoted neuronal survival in culture (Fig. 14B ) and stimulated neurite outgrowth (Fig. 14C) . In a permanent cerebral artery occlusion model, 24 produced longlasting improvements in neurological outcome relative to treatment with placebo, as assessed using a sensorimotor-based neurological deficits rating scale (data not shown) [45] . This combination of both neuroprotective and neuroregenerative activities without immunosuppressive effects led to the advancement of 24 to clinical trials for stroke. Studies into the mechanism of action of 24 [43] revealed that the compound inhibits L-type calcium currents, which may contribute to its neuroprotective effects. The ability to stimulate neuronal survival and neurite outgrowth are likely due to the compounds binding, not to FKBP12, but to FKBP52, another immunophilin binding protein that has been associated with neurotrophic activity [46] . This selectivity would also explain the absence of immunosuppressant effects. Neurodegenerative disease drug discovery 1553 
CONCLUSION
Identifying effective drugs for treating neurodegenerative disorders, both chronic and acute, has been an epic struggle for drug discovery scientists and a significant investment for the government, academic, and industrial organizations that have supported this struggle. The stories that were presented above barely scratch the surface of the tremendous amount of data that has been generated in the field. And while the successes have been relatively few, the struggle must and does continue, with new insights and new potential drug discovery targets being disclosed every year. As the average human lifespan continues to increase, so does the incidence of neurodegenerative diseases. We must remain committed to the goal of discovering new drugs to treat neurodegenerative disorders for the sake of patients, care givers, and society in general.
